The measurement conditions of metastable de-excitation spectroscopy (MDS) were investigated in order to apply MDS to the study of the electronic structure of MgO films used for plasma display panels (PDPs). It was demonstrated that positive charging induced on the surface of the MgO film of 50 nm thickness during the MDS measurement can be avoided by employing a low flux of primary metastable He atoms. The positive charges accumulated by successive MDS measurements were found to be completely removed by irradiation of keV electrons, in which the neutralization by the re-distribution of secondary electrons emitted by the keV electron irradiation plays an important role [J. Surf. Anal. 12, 284 (2005)]. The changes in the MDS spectra due to the heating treatment of the MgO film, which is one of the processes employed in the fabrication of PDPs, was investigated, and the ionization potential given as a sum of the band gap and the electron affinity was found to decrease with the increase in the heating temperature. Heating the MgO film at 500°C in vacuum is effective to clean the surface but not sufficient to completely remove contaminations on the surface, and repeating sputtering and heating at 500°C is required to clean the MgO film surface. The electronic structure of the clean surface of the MgO film of 50 nm thickness was found to be the same as that of 500 nm thickness, the thickness of which is a typical value for the MgO film used in PDPs. This result revealed that 50 nm thick MgO films, in which effects of charging is much less than those for 500 nm thick films, can be used to evaluate the electronic structure of the MgO film surface. The present results confirmed that MDS is one of the effective techniques to evaluate properties of MgO films used for PDPs.
Introduction
Electron emission phenomena from insulator thin films have been attracting renewed attention because the electron emission property of insulator thin films is one of the most important factors for the further development of alternating-current plasma display panels (AC-PDPs), which has been commercially mass-produced. For fur-deposited on the dielectric layer covering electrodes for preventing the surface of the dielectric layer beneath it from being sputtered by plasma, and a commonly used material for protective layers is MgO. Therefore, the measurement of γ has been one of techniques to evaluate the quality of MgO films used for PDPs. However, since a MgO film is an insulator and charged during the measurement of γ, understanding and avoiding charging is essential for the accurate evaluation of MgO films by the γ-measurement. For this end, extensive studies on the IISE from the MgO film surface have been performed [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The authors have also been involved in the study of the electron emission from insulators under charging [14] [15] [16] [17] [18] [19] and from MgO films occurred in PDP panels [20] [21] [22] .
From a point of view of the interaction between ions having the kinetic energy of below a few keV and the MgO film surface, most of IISEs are considered to be emitted via the Auger neutralization process except for effects of charging on the IISE emission [23, 24] . Figure  1 shows the schematic of the IISE emission via the Auger neutralization process. In this process, a primary ion is first neutralized by the transition of a valence electron from the MgO surface to the hole in the ionized shell of the primary ion. Then, another valence electron is excited by receiving a residual energy due to the neutralization. When the energy of the excited secondary electron is higher than the energy barrier at the MgO surface, the secondary electron arriving at the surface escapes from the surface. Therefore, the value of γ strongly depends on the surface electronic states, in particular, the ionization potential, E ip , of the protective layer given as a sum of the band gap energy, E g , and the electron affinity, χ, i.e., E ip = E g + χ [25] . As easily found from the mechanism of the IISE emission via the Auger neutralization process, the protective layer with smaller E ip provides the higher γ.
In this regard, E ip is one of the most important factors to evaluate protective layers used for PDPs.
Among several techniques for measuring E ip of solids, metastable de-excitation spectroscopy (MDS) is one of the most powerful approaches for investigating E ip of protective layers. MDS can provide the information on the electronic structure at a few Å above the surface as mentioned in section 2. The IISE emission via the Auger neutralization process is significantly affected by the electronic structure in the outermost surface region since the neutralization of primary inert gas ions, which are gas species used as the discharge gas in PDPs, occurs in the outermost surface region. In addition, the MDS spectra can provides E ip as well.
In this study, therefore, we applied MDS to the investigation of the electronic structure of the MgO film surface used for PDPs. For this, since the MDS measurement induces the positive charging of the MgO surface, we investigated measurement conditions of MDS to avoid and remove positive charging in order to measure the electronic structure of MgO films with high reproducibility. Changes in the MDS spectra by the heating treatment and the dependence of the MDS spectra on the thickness of the MgO film were also investigated. Fig. 1 . Ion-induced secondary electron emission from the insulator surface via the Auger neutralization. E ip is the ionization potential of an insulator given as E ip = χ + E g .
Experiments
All measurements of MDS were performed using apparatus developed and operated at National Institute for Materials Science (NIMS). A metastable He atom (He * ) source is attached to an analysis chamber, the base pressure of which was 2×10 -8 Pa. An ion gun for sputter cleaning and a cylindrical mirror analyzer (CMA) with a coaxial-type electron gun (PHI590A) are attached to the analysis chamber. The CMA system enables the measurement of Auger electron spectroscopy (AES) spectra electrons, such as low-energy secondary electrons, are also emitted from the sample surface. Therefore, electrons in the high-kinetic energy region in MDS spectra are dominated by the DOS in the vacuum side of MgO and those in the low-kinetic energy region are dominated by the low-energy secondary electrons emitted from the sample surface. The sample used in the present study was a MgO film of 50 nm thickness deposited on the n-type Si substrate (1~10 Ωcm). The MgO film was deposited on the substrate by the electron beam deposition in atmosphere of O 2 at 4×10 -2 Pa with the substrate temperature of 310°C.
The sample was cut into the size of ~10×10×0.5 mm 3 and introduced into the MDS measurement chamber without any pretreatment. The sample surface was cleaned by repeating sputtering for 10 min and heating at 500°C for 1 min in the MDS measurement chamber as mentioned in detail in section 3.1. The sputter cleaning was performed using 1 keV Ar + of ~0.3 μA with the beam diameter of ~2 mm. The ion beam was scanned over the region of 20×20 mm 2 . The sample heating was performed by the electron bombardment from a W filament located behind the sample. The cleanness of the sample surface was confirmed by AES and the cleaning process was continued until no carbon peak was observed in an AES spectrum. The AES measurement was performed using 3 keV electrons of 150 nA with the diameter of 1 μm at the normal incidence without scanning. The typical number of repeating the sputtering and heating to clean the MgO film surface was two. The quantitative measurement of the flux of primary He * by means of conventional methods, such as the sample current measurement, is very difficult because the number of electrons emitted from the sample surface is significantly sensitive to conditions of both the sample surface and measurement conditions, such as the incident angle of He * . Therefore, we monitored the flux of primary He * by measuring the sample current when primary He * was irradiated onto the reference Au. The typical value of the sample current resulting from irradiation of He * onto the Au sample was ~10 pA in the present study.
The bias voltage applied to the sample during MDS measurements, V bias (<0), was typically around -25 V, which is required to measure the onset of the electron spectrum consisting of low-energy electrons as those done for the measurement of E ip , i.e., the work function for metals, using ultraviolet photoelectron spectroscopy (UPS) [27] and the secondary electron method Figure 3 shows MDS spectra obtained for a MgO film on the Si substrate after heating at different temperatures of 100 to 500°C. Since the heating treatment in vacuum has been used for outgasing the MgO film in the manufacturing process of PDPs and was used as a cleaning process with the combination of sputtering in the present study, effects of heating on an MDS spectrum of the MgO film was investigated. It is found that the MDS spectra hardly change upon heating below 200°C, and the spectrum shape gradually changes above 300°C. The peak intensities located at the higher-and lower-energy sides increase and decrease, respectively, with increasing the temperature. The energy of the peak at the higher-energy side shifts towards the higher-energy by heating at 300°C as confirmed from the dotted lines. At the same time, the tail at the higher-energy side shifts toward the higher energy. Taking into account the fact that decomposition of Mg(OH) 2 and MgCO 3 and the desorption of their components take place by heating at above 300°C [32, 33] , it is considered that the change in the MDS spectra of the as-received MgO film by heating at above 300°C is attributed to the change in the surface composition. Note that the AES measurement after the MDS measurement shown in Fig. 3 (f) revealed that the sample surface is still contaminated by a small amount of carbon, indicating that the heating treatment carried out for the measurement shown in Fig. 3 is not enough to completely remove the surface contaminations from the MgO film surface.
For the cleaning of the MgO film surface, sputtering by 1 keV Ar + irradiation and heating at 500°C were repeated. Figure 4 shows AES spectra obtained for the as-received and cleaned MgO film surfaces. It is clearly observed that the C-KLL peak originated from surface contaminations disappeared after the cleaning. The MDS spectra obtained for the clean MgO surface is also shown in Fig. 3(g) . It is clear that the peak at the higher-energy side in the MDS spectrum shifts toward the higher energy after cleaning. The series of MDS spectra shown in Fig. 3 revealed that the surface electronic structure of the MgO film is strongly affected by the surface contamination, suggesting that γ, which is sensitive to the electronic structure of the surface, might be also affected by the surface contamination of the MgO film. Figure 5 shows the MDS spectra of the cleaned MgO film surface obtained for different fluxes of primary He * .
Charging during MDS measurement and neutralization by high-energy electron irradiation
The ratio of the fluxes of primary He * , which were roughly estimated from the sample current during the MDS measurement, in (a) to (d) were 50:15:3:1. It is clear that the MDS spectra shift towards the lower-energy side with the increase in the spectrum number when the flux of the primary He * is high. The intensity of the spectra also decreases with the increase in the spectrum number. The shift in the peak position and the decrease in the intensity are attributed to the positive charging of the MgO film surface induced by the electron emission due to the irradiation of He * . In contrast to the case of the high flux of primary He * , the MDS spectra do not change when the flux of primary He * is low as confirmed in (c) and (d). The present results confirmed that MDS spectra of the MgO film of 50 nm thickness can be measured without effects of charging by lowering the flux of primary He * , and all measurements described below were performed under such a condition, where no charging was induced except for Figs. 5 and 6.
Although the low flux of primary He * enables the MDS measurement to be performed without observable charging during successively measuring a few MDS spectra, successive measurements might induce charging, and the neutralization of charging is required. With respect to the positive charging induced on the MgO film of 50 nm thickness under positive ion irradiation, it has been reported that the irradiation of energetic electrons of a couple of keV can remove positive charging, in which low-energy secondary electrons emitted by the electron irradiation are trapped by the positive surface potential and mediate charging [17] . The electron irradiation itself does not induce charging because of the so-called electron-beam induced conduction since the range of primary electrons exceeds the film thickness [17] . In order to confirm the effectiveness of the irradiation of electrons to removing positive charges on the MgO surface induced by the MDS measurement, 3 keV electrons of 150 nA were irradiated onto the MgO surface. Ten MDS spectra were successively measured in one cycle, and 3 keV electrons are irradiated before the next cycle. Four cycles of the MDS measurements were repeated and the irradiations of 3 keV electrons for 10, 60, and 300 s were performed after the first, second, and third cycles of the MDS measurements. The MDS spectra were measured for four different fluxes of primary He * as done for Fig.   5 . Figure 6 shows the results of the investigation of the neutralization of positive charges induced on the MgO film surface during the MDS measurements, where the intensity and energy of the peak at the high-energy side are plotted as a function of the number of spectra. For comparison, the MDS spectra corresponding to those obtained by the first measurement in each cycle are shown in Fig. 7 . The decrease in the peak intensity and the shift in the peak position are significant for the higher flux of primary He * as expected from Fig. 5 . At the lower flux of primary He * , the decrease in the peak intensity and the shift in the peak position were not observed, indicating that no charging was induced under that experimental condition. Although the changes in the peak position and intensity are significant for the higher flux of primary He * , it is found that the peak position and intensity are completely recovered by the irradiation of 3 keV electrons. This is also confirmed from Fig. 7 , where the first MDS spectra in each cycle are plotted, and all the first MDS spectra in each cycle agree with each other. The time of the electron irradiation for the neutralization was varied from 10 to 300 s and it is revealed that the positive charging of the MgO surface induced by the measurement of 10 MDS spectra is completely removed under all conditions of the electron irradiation. From
−17−

Journal of Surface Analysis Vol.18, No. 1 (2011) pp. 13−25 K. Yoshino et al. Investigation of Measurement Conditions of Metastable De-excitation Spectroscopy of MgO Thin Films Used for Plasma Display Panels
The MDS measurement can provide the information on the ionization potential E ip , i.e., the work function for metals, of insulators as that provided by UPS. For such a measurement, we need to measure the width of a spectrum i.e., the onset and cutoff energies of a spectrum. Hereafter, we define the onset and cutoff energies of the spectrum as the minimum and maximum energies of the MDS spectrum. Because there is the difference in the vacuum level between the sample and spectrometer, the sample was negatively biased to detect all of low-energy electrons emitted from the sample surface [14, [27] [28] [29] [30] [31] . In such a measurement, the linearity of the energy scale should be confirmed when different sample biases are applied. For this, the MDS spectra of the MgO film were measured by applying different sample bias voltages of these results, we determined that all the MDS spectra for MgO films of 50 nm thickness were measured with the flux of primary He * of around that used for the measurement of Figs. 5(c) and 7(c). This flux is 1/1000 of those used in conventional MDS measurements for conductive samples, i.e., the sample current measured by the reference Au of ~10 pA. In addition, even though the flux of primary He * is sufficiently low to measure ten MDS spectra without charging, the irradiation of 3 keV electrons of 10 s was performed after each MDS measurement in order to avoid the accumulation of the charge during successive MDS measurements. Note that the MDS spectra shown in Fig. 3 were measured with the low flux of primary He * to avoid charging. 
Dependence of MDS spectra on sample bias
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-9.2 to -28.3 V. The resultant MDS spectra are shown in Fig. 8 . It is found that the MDS spectra almost linearly shift toward the higher-energy side with the increase in the sample bias voltage. The spectrum shape does not significantly change for different bias voltages. For more quantitative analysis, the cutoff positions of the spectrum are plotted as a function of the sample bias in Fig. 9 . It is clear that the linear relation between the cutoff of the spectrum, E cutoff , and the sample bias, V bias , is obtained, and the least-square fitting revealed that this linear relation is given by E cutoff = 0.94|eV bias | + 14.2, where e is the elementary charge. The results confirmed that the energy scale of the spectrum, i.e., the width of the MDS spectrum, can be corrected by dividing by the correction factor of 0.94 when the energy range of the spectrum is between 22 and 41 eV under the condition of the sample being biased from -9 to -28 V. 
Measurement of ionization potential
As mentioned above, a MDS spectrum can provide the information on the ionization potential of insulators as that done by UPS [34, 35] . The schematic of the measurement of the ionization potential of insulators by means of MDS is shown in Fig. 10 . When primary He * −19−
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atoms are irradiated onto the insulator surface, an electron having the maximum energy in an MDS spectrum, which is emitted via the Auger de-excitation process, is that excited from the top of the valence band by receiving the residual energy of E 1s-2s corresponding to the energy difference between the 1s and 2s shells of He * and detected without any energy losses. An electron with the lowest energy is that emitted from the insulator surface having an energy close to the vacuum level at the insulator surface. Since the sample bias V bias (<0) should be applied when the ionization potential is measured, the maximum energy, E max , i.e, the cutoff energy of the MDS spectrum, is given as E max = E 1s-2s -eV bias . The minimum energy of the spectrum, E min , i.e., the onset of the spectrum is given by E min = E ip -eV bias . Therefore, the width of the MDS spectrum, E width , is written by E width = E max -E min = E 1s-2s -E ip . Here, as mentioned in section 3.3, the energy scale should be corrected when the MDS spectrum is measured with the bias being applied to the sample. Thus, the ionization potential of insulators, E ip , is determined from 
Here, E max , E min , and V bias should satisfy 22 eV ≤ E max ≤ 41 eV, 22 eV ≤ E min ≤ 41 eV, and -28 V ≤ V bias ≤ -9 V, respectively. Note that, when the MgO surface is contaminated, there may be a contribution of the electron emission via the resonance ionization and Auger neutralization processes to the MDS spectra because the change in the electronic structure in the MgO surface might enable the resonant transition of a 2s electron in He * to the MgO surface to occur. After the resonance ionization of He * , this He ion is de-excited via the Auger neutralization process and an electron is emitted from the MgO surface as that explained at the text of Fig. 1 . Under such a condition, the maximum energy of an electron in the MDS spectra is different from E max = E 1s-2s -eV bias and given by E max ' = E 1s-2s + E 2s -2E ip -eV bias , where E 2s is the binding energy of a 2s electron in He * . By comparing E max and E max ' , it is found that E max > E max ' is always satisfied for
MgO because of E 2s < 2E ip , confirming that the maximum energy of the MDS spectra is given by E max and that E ip can be determined using Eq. (1). Fig. 9 Dependence of the cutoff energy of the MDS spectra on the sample bias determined from the spectra shown in Fig. 8 . Solid line represents the least-square fitted equation. The cutoff energy was determined as the intersection of the straight line corresponding to the negative slope of the cutoff of the spectrum and the abscissa.
In Fig. 11 , the variation in the ionization potential, E ip , of the MgO film of 50 nm thickness by heating treatment is shown by open circles. The values were determined from the MDS spectra shown in Fig. 3 . It is found that E ip is higher for the surface of the as-received MgO film.
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By heating above 300°C in vacuum, E ip decreases, and E ip slightly increases for the clean surface. The change in E ip might be attributed to the fact that contaminations on the as-received MgO surface are gradually removed by heating in ultrahigh vacuum, which significantly affects the electron emission process in MDS. The value of E ip for the clean surface is found to be close to that estimated from the typical values of the band gap of E g = ~7 eV and the electron affinity of χ = 0.9 eV [36, 37] . Fig. 10 . Schematic of the measurement of the ionization potential, E ip , using MDS. E max and E min are the maximum and minimum energy of an MDS spectrum. E 1s-2s is the energy difference between the 1s and 2s shells of He * (19.8 eV) . V bias (<0)
is the bias voltage applied to the sample during the MDS measurements.
Note that the values of E ip are largely affected by a longer tail at the cutoff and onset of the MDS spectra. The tail is significant for the as-received surface and after heating at the lower temperature as confirmed in Fig.  3 . The longer tail in the MDS spectra might be attributed to the impurity and/or defect levels formed by contaminations on the MgO surface. The detailed investigation of effects of the absorption of possible contaminants on the MgO surface, such as H 2 O, CO 2 , and O 2 , on the MDS spectra is underway. It should be also noted that the variations in the ionization potential shown in Fig. 11 suggests that the ion-induced secondary electron yield, γ, is increased by heating at the lower temperature and decreases for the clean surface. This tendency has just been confirmed by the authors, in which the variation in γ of the as-received MgO film of 50 nm thickness was directly measured using pulsed-ion beam technique and specially designed secondary electron detector [38] . These findings revealed the correlation between the ionization potential, E ip , measured by MDS and γ. The approach with the combination of MDS and the measurement of γ is found to be effective to elucidate the IISE phenomenon at the insulator surface. 
Dependence of MDS spectra on thickness of MgO film
Since the thickness of the MgO film used for PDPs is around 500 nm, MDS spectra for a MgO film of 500 nm thickness were measured and compared it with those for a 50 nm thick film, which was employed in the present study since charging during the MDS measurement is significantly reduced compared with that induced for a 500 nm thick film. Figure 12 shows the change in the MDS spectra of the MgO film of 500 nm thickness by heating. The heating procedures are the same as those done for the MgO film of 50 nm thickness shown in Fig.  3 thick MgO film in order to avoid charging. The peak at the higher-energy side shifts towards the higher energy with the increase in temperature. In addition, the intensity at the lower energy side decreases. These facts indicate that the MDS spectrum becomes close to that from the clean surface. These tendencies are similar to those observed for the 50 nm thick film in Fig. 3 .
For comparison, the MDS spectra for the clean MgO film surface of the 500 nm thickness is shown in Fig.  12 (f) and compared with that for the 50 nm thick film. It is found that the MDS spectra for the clean MgO film surfaces of 50 and 500 nm thicknesses are very similar, revealing that the 50 nm thick film is applicable to investigating the surface electronic structure of the MgO film used for PDPs.
For the further investigation, the values of E ip determined for the 500 nm thick MgO film from Fig. 12 are shown in Fig. 11 . A comparison with the results for the 50 nm thick film revealed that changes in E ip with the increase in temperature is similar each other. The value of E ip for the clean surfaces of the 50 and 500 nm thick MgO films are also similar, again confirming that the 50 nm thick film is useful for the investigation of the electronic structure of the MgO film used for PDPs. Note that the low flux of primary He * enables the measurement of the MDS spectra of 500 nm thickness without charging. However, the charging observed for the 500 nm thick MgO film is much significant than that for the 50 nm thick film, e.g., the observable charging was confirmed after the measurement of a couple of MDS spectra for 500 nm thick film. Therefore, in order to avoid effects of charging as much as possible, MgO films of 50 nm thickness were used for the investigation of the electronic structure using MDS.
Conclusions
In the present study, we investigated the measurement conditions of MDS applied to the MgO film used as a protective layer in PDPs. The present results are summarized as follows. (i) The MDS spectra from the as-received MgO film of 50 and 500 nm thicknesses are changed by the heating treatment at 100 to 500°C in vacuum for one min. and becomes close to that from the clean surface. Although this heating treatment is effective to cleaning the MgO surface, this heating process is not sufficient to completely clean the MgO surface. For the cleaning, repeating sputtering by Ar + ions and heating at 500°C is required. Fig. 12 . MDS spectra of the MgO film of 500 nm thickness, the thickness of which is comparable to that used as the protective layer in PDPs. The experimental procedures are the same as those done for Fig. 3 . (a) As-received surface, and after heating at (b) 200, (c) 300, (d) 400, and (e) 500°C in vacuum for one min at each temperature, and (f) the clean surface. For comparison, in (f), the MDS spectra of the clean MgO film of 50 nm thickness shown in Fig. 3(g) are also shown by thick broken line. The bias voltage applied to the sample during the MDS measurement was -24.6 V.
(ii) The MgO surface is positively charged during the MDS measurement. Charging can be avoided by reducing the primary flux of He * to 1/1000 of that used in
